Substantial bottom topography in a basin with planetary vorticity gradients strongly affects the vertical structure of the linear topographic and planetary Rossby waves that spin up the ocean circulation. There is no barotropic mode with large amplitude topography and stratification. It is shown that the lowest frequency two-layer quasigeostrophic waves that exist with stratification, planetary vorticity gradients, and large-amplitude bottom topography are more strongly concentrated in the vertical than Burger number 1 scaling would indicate (for most orientations of the wavevector) except where the bottom slope is nearly meridional. This concentration increases with decreasing frequency. Ray tracing in an ocean basin suggests that the two layers are linearly coupled in regions with parallel or antiparallel topographic and planetary vorticity gradients, but elsewhere small amplitude motion in the two layers is largely independent. Continuity within isopycnal layers implies that most of the circulation remains within isopycnal layers, even in the regions of linear coupling. The strength of surface(bottom)-intensified flow driven by coupling to bottom(surface)-intensified flow is approximately twice as strong as the surface(bottom) projection of the bottom(surface)-intensified flow. Primitive equation simulations concur with the quasigeostrophic results and indicate that the localized linear coupling between surface-and bottom-intensified flow pertains to a continuous stratification.
Introduction
Most theories of the deep circulation either describe directly forced flow (Stommel and Arons 1960; and others) or flow driven by nonlinear eddy stirring of the deep ocean (Rhines and Holland 1979) . Anderson and Gill (1975) demonstrate that linear planetary waves in a flat-bottomed ocean basin tend to concentrate all of the wind-driven flow at the surface. Anderson and Kilworth (1977) extend these arguments to include meridional topography in the middle of the ocean (but still with a vertical eastern boundary and neglecting meridional variations) and find that the same result holds. Stommel and Arons prescribe the distribution of upwelling and a compensating localized source to a single active deep layer and determine the abyssal circulation this forcing implies. The circulation they find has poleward flow in the ocean interior balanced by intense western boundary currents. Kawase (1987) describes the evolution of a source-fed abyssal flow into the final state described by Stommel and Arons, and finds that most of the evolution of the flow can be described in terms of the free waves of the flat-bottom 1½-layer ocean he examines. In the present paper, it is found that the combination of large amplitude topography, stratification, and planetary vorticity gradients causes the vertical structure of the low-frequency wave modes to change dramatically as waves propagate around an ocean basin. This changing vertical structure causes bottom-intensified flow to be driven by linear coupling with the surface circulation.
Topography can have a tremendous effect on the deep ocean response if it creates regions of closed potential vorticity (PV) contours. In the case of a source-driven flow in a 1½-layer model (with either a widely distributed sink or slow filling of the layer), Kawase and Straub (1991) find a strong cyclonic response over PV contours that are closed because of either a bottom rise or depression. Similarly, Kawase (1993) finds a very strong response to a localized mass source in a 1½-layer model with a rising bottom around the edges of a basin, compared with an analogous flat-bottom simulation, when the topography is large enough to create closed PV contours. In a multilayer quasigeostrophic simulation with topographically closed PV contours in the deepest layer, Thompson (1995) finds that a strong deep flow along the closed PV contours is excited by eddy stirring from above. Because steady flow along closed PV contours is a free mode, it is easily excited by almost any forcing, with the sense of motion determined by the forcing mechanism.
In a flat-bottomed ocean, the vertical and horizontal structure of wave modes are separable. Waves can be separated into a barotropic mode with vertically uniform horizontal velocities and countable baroclinic modes VOLUME 
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with zero vertical average horizontal velocities. Unfortunately, the vertical and horizontal structure of the free modes in the ocean are not separable when there is largeamplitude bottom topography. People often persist in analyzing the depth-integrated or depth-averaged velocities, even though such a field is not a dynamical mode of the system with bottom topography. This leads to the inclusion of a ''JEBAR'' or bottom torque ''forcing'' term, based on the baroclinic flow as well as the depth-averaged velocity (e.g., Mertz and Wright 1992) . This term is the result of insisting on examining a field that is not a dynamical mode of the system and is not directly due to any kind of external forcing. There is no barotropic mode with stratification and topography.
The coupling between layers explored here is the direct result of the changing vertical structure of a wave mode as that wave propagates around an ocean basin. Sometimes, when the bottom slope is nearly meridional or when the wavevector is perpendicular to the isobaths, the vertical structure of the wave modes resembles that of the classic barotropic and baroclinic modes. In other places and for other wavevectors, the wave modes tend to be strongly bottom intensified or have exceedingly small velocities at the seafloor. The wave mode description of the circulation breaks down when the vertical structure changes abruptly. The changing vertical structure of a mode leads to a net horizontal transport convergence in each layer, but the resultant pressure gradients along the layer PV contours are radiated away by Rossby waves described by the other mode with a shorter timescale than the period of the waves. This coupling between the wave modes effectively keeps most of the circulation in the same isopycnal layers. Both the coupling between layers and the coupling between different wave modes occurs predominantly in the northern and southern portions of an ocean basin where the bottom slope is nearly meridional. All of the mechanisms described here apply to inviscid, adiabatic, infinitesimal amplitude circulation; no frictional or nonlinear mechanisms are evoked.
The present study uses the properties of the waves that arise in a stratified ocean with topography and planetary vorticity gradients to examine the possibility that the deep flow may be partially driven by linear coupling to the surface flow. Since no nonlinear effects are considered, the response to a change in forcing can be described as the superposition of oscillations with a continuous range of frequencies, as can be seen by Laplace transforming the linear equations of motion in time. Each of the frequencies evolves independently, so the behavior of linear waves is a strong indication of the linear, inviscid ocean dynamics.
A brief reprise of past studies of stratified topographic waves is a useful introduction to the waves examined here. Rhines (1970) examines the effect of a meridional bottom slope on the plane waves that arise in a continuously stratified fluid. On an f plane, only a single subinertial edge-or bottom-trapped wave mode occurs. For sufficiently steep topography or strong stratification such that N tan(␣)/f k 1 (where ␣ is the angle between the seafloor and horizontal), this mode becomes an internal Kelvin wave (Allen 1980) . At wavelengths much longer than (NH/f), this single mode is a barotropic topographic Rossby wave. At shorter wavelengths L, this wave is a bottom-trapped topographic Rossby wave with a vertical decay scale of (fL/2N), or Burger number 1 scaling. Rotation and stratification are of equal importance for flow satisfying Burger number 1 scaling. For sufficiently long wavelengths Burger number 1 scaling gives a vertical decay scale greater than the depth of the ocean; stratification is unimportant for the dynamics of those waves. Each of these waves propagate pseudowestward (to the left of the upslope direction in the Northern Hemisphere). On a ␤ plane, baroclinic Rossby waves with a horizontal velocity antinode at the surface also occur. The vertical structure of the solutions is one mode with a cosh structure (centered at the surface) and many modes with a cosine structure (also centered at the surface). With a bottom depth that decreases poleward, the planetary vorticity gradient is reinforced by the topography and the cosh mode is barotropic at long wavelengths and bottom intensified at shorter wavelengths. The gravest cosine mode is surface intensified even at the longest wavelengths. For a bottom with an equatorward upslope, the planetary vorticity gradient is opposed by the topography. For gentle topography [such that (␣f/␤H) Ͻ 1, where ␣ is the slope of the bottom] the gravest cosine mode becomes barotropic at long wavelengths while the cosh mode is bottom intensified. For steeper topography the cosh mode becomes barotropic at long wavelengths while the cosine modes are surface intensified. Straub (1994) has examined the effects of nonmeridional topography on the plane waves in a uniformly stratified ocean on a ␤ plane. With nonmeridional topography, the (bottom intensified) mode with the cosh vertical structure and the (surface intensified) mode with the gravest cosine vertical structure combine to form a single, continuous mode at various orientations of the wavenumber vector. The higher cosine modes have a horizontal velocity node at the bottom, except when the flow is nearly aligned with the topography when they have an antinode. The vertical structure on either side (in wavenumber space) of the line with the antinode makes a transition of in the phase of the bottom relative to the surface. (A horizontal velocity antinode is always found at the surface because of the rigid-lid approximation.) The behavior of the waves with uniform stratification, planetary vorticity gradients, and bottom topography found by Straub (1994) is qualitatively very similar to the behavior found here for a two-layer stratification.
In the present paper, the free waves that occur with arbitrarily oriented topographic gradients, stratification, and the planetary vorticity gradient are examined to determine their implications for the large-scale ocean H A L L B E R G circulation. Models with two layers are used in this study because they are simple enough to solve for the local waves easily, but are complicated enough to capture some the leading order effects of both topography and stratification. The behavior with even this simple addition of stratification is much richer than 1½-layer systems, where the vertical structure of the flow is specified a priori. The full range of motions pertinent to planetary scale flows with isopycnals intersecting sloping topography requires the full primitive equations. Still, most of the pertinent motions are well described by a quasigeostrophic balance, suggesting that a determination of the local dispersion relations for quasigeostrophic waves is useful. For infinitesimal perturbations to a two-layered resting fluid, these dispersion relations can easily be determined and used to trace the paths of the rays associated with the gravest waves, which spin up the steady flow. Arguments based on continuity within isopycnal layers are used to predict the strength of coupling between surface-and bottomintensified flow and the direction of the flow driven by the coupling. The predictions from the local quasigeostrophic theory are verified with primitive equation simulations.
The linear locally valid dispersion relation
Quasigeostrophy has frequently been used to provide valuable insight into large-scale ocean motions that can only be fully described by the much more complicated primitive equations. This insight extends even to motions that clearly violate the assumptions underlying quasigeostrophy. The close correspondence between materially conserved quasigeostrophic PV and Ertel's scalar PV in the Navier-Stokes equations causes quasigeostrophic theory to apply to such large Rossby number phenomenon as fronts, isolated eddies, and instability. The atmosphere is full of large Rossby number flow, but many quasigeostrophic ideas still hold. With a layered model, quasigeostrophy requires that the topography should be small compared with the layer thicknesses. In the present case, this assumption holds only in a small horizontal neighborhood about a point. This neighborhood of validity is often smaller than the wavelength of the waves of interest! Still, the locally valid quasigeostrophic dispersion relation provides useful indications of the dynamics controlling the actual flow, as described by the primitive equations.
The linear quasigeostrophic vorticity equations for two layers are
Equations (2.1) and (2.2) suppose that there are two layers with negligibly small horizontal velocities u n ϭ ẑ ϫ ١ n , thicknesses h n , and PVs q n ഠ f/h n , separated by an interface with reduced gravity gЈ, with a rigidlid upper surface. ϭ gЈh n /f 2 is an internal deformation 2 n radius based on the thickness of layer n. The PV gradient times the thickness of each layer are written as ␤ n ϭ h n ١q n ഠ ١f Ϫ (f/h n )١h n . In the limit of negligible velocities (and hence isopycnal slopes), the PV gradients in the two layers differ because the lower layer PV depends on the variable bottom topography.
The locally valid quasigeostrophic dispersion relation based on (2.1) and (2.2) is easily found if a wavelike structure is assumed, so that the velocity streamfunctions become
where is the frequency and k ϭ kx ϩ lŷ is the horizontal wavenumber. Several definitions make the final expression for the dispersion relation and vertical structure simpler. For a total horizontal wavenumber
is the frequency Ϫ2 n of Rossby waves based on the PV gradient and deformation radius of layer n.
Ϫ1 , a measure of the wavelength compared with 2 2 the layer deformation radii, goes from 0 (the short-wave limit) to 1 (the long-wave limit). Horizontal plane wave solutions to (2.1) and (2.2) with form (2.3) must satisfy
The solutions to (2.4) give the dispersion relation for horizontal plane waves
(2.5)
The two solutions described by (2.5) will be referred to as the positive and negative branch of the solution depending on the sign of the radical sign. Equation (2.5) is only valid if the properties of the basin vary slowly on scales of the wavelength. Although this is not generally true in the simulations, the results of this analysis appear to make valid predictions for the full equations in a two-layer basin with large amplitude topography. The ratio of the velocity streamfunctions of the two layers associated with plane waves of frequency satisfying (2.5) is 2 2
These equations are not novel. For example, Veronis (1980) derives essentially the same equation as (2.5) without the limitation of assuming a rigid lid. Veronis only briefly examines the effect of nonparallel topo- graphic and planetary vorticity gradients; the added complexity that arises with nonparallel gradients makes the present study interesting.
There is some redundancy in (2.5): the same solutions are described either by considering both branches of the dispersion relation only when they have positive frequency, or by considering only one branch of the solution and retaining both positive and negative frequencies. The reason for this redundancy is that, with plane waves, the same solution is obtained if the sign of both the frequency and wavenumber are reversed. Here both branches are considered, retaining only positive frequencies. With this convention, the positive branch of (2.5) always has flow in the two layers in the same sense, while the negative branch has opposing flow in the two layers.
One interesting limit is found when planetary vorticity is held constant so that ␤ 1 ϭ 1 ϭ 0. The two solutions to (2.5) are exactly ϭ 0 and ϭ 2 /(1 Ϫ R 2 ). The zero frequency solution is a geostrophically adjusted flow with velocities entirely in the upper layer. The nonzero frequency mode is a topographic Rossby wave and has a ratio of velocity streamfunctions of
This limit is revealing because the analogous continuously stratified case on an f plane has an exponentially bottom-trapped wave mode with a vertical decay scale given by (fL/N), where f is the Coriolis parameter, N is the buoyancy frequency, and L is the inverse of a typical horizontal wavenumber of the waves (Rhines 1970) . Equation (2.7) is therefore the discrete layer analog of a Burger number 1 scaling vertical structure. Coastaltrapped waves would also appear in this limit, but are excluded by the assumption of a plane wave horizontal structure and the neglect of horizontal variations in the PV gradients and deformation radii. The f-plane limit is also of particular interest because only topographic potential vorticity gradients can be generated using standard laboratory techniques. The long and short wave limits are discussed by Hallberg (1995) . In the short wave limit the two solutions are concentrated in one of the layers, with a frequency that is very nearly the frequency that each layer would have independently (that is 1 or 2 ). In the long wave limit the two modes are a nearly barotropic mixed topographic/planetary Rossby wave and a surface (or bottom) intensified baroclinic Rossby wave closely resembling the Rossby wave in a 1½-layer model. The long wave limit is only reached for waves with very much longer wavelengths than the internal deformation radius.
At most wavenumbers, the dispersion relation gives frequencies that are either consistent with those of either bottom-trapped topographic Rossby waves (the larger set of circles in Fig. 1 ) or with surface-intensified planetary Rossby waves (the smaller set of circles in Fig.  1 ). When the layer PV gradients are parallel, the positive and negative branches of the dispersion relation each describe one of these physical modes; the circles describing the topographic waves are entirely solid lines in The vertical structure of the local modes also behaves quite differently between the cases where the layer PV gradients are or are not parallel. With parallel layer PV gradients the vertical structure is a function of wavelength only [in that case 1 / 2 is a function of wavelength only, and so are / 1 and ⌿ 2 /⌿ 1 by (2.5) and (2.6)]. By contrast, the vertical structure of the local modes is strongly dependent on the orientation of the wavevector when the layer PV gradients are not parallel, as seen in Fig. 2 . Not surprisingly, at those wavenumbers where the positive branch contours are the large circles (topographic Rossby waves) in Fig. 1b , the vertical structure of this branch is bottom intensified (solid contours in Fig. 2 ), while the vertical structure is surface intensified at wavelengths where this mode corresponds to planetary Rossby waves (the smaller circles in Fig.  1b) . Figures 2 and 1b also show that at low frequencies, the long waves are much more surface or bottom intensified than indicated by the Burger number 1 scaling found for f-plane waves.
The positive and negative branch dispersion curves (the solid and dotted curves in Fig. 1b ) osculate at regions of common wavenumber and frequency, and the branch of the solution describing the surface-and bottom-trapped mode switches, as seen by the heavy lines in Fig. 2 . If there are spatial variations in the bottom slope, there can be linear coupling between the positive and negative branches of the dispersion relation at the wavenumbers where the osculation occurs. The dispersion curves at a single frequency but for angles between the PV gradients of 35Њ and 45Њ are superimposed in Fig. 3 . The positive branch with a 45Њ angle and the negative branch at a 35Њ angle have essentially the same frequencies at a wavenumber of about (Ϫ3.5, 3) in Fig.  3 . If locations having these angles are within a few wavelengths, the WKBJ approximation breaks down and the two branches of the dispersion relation can be linearly coupled. Coupling between the branches of the dispersion relation is most likely at the wavenumbers where the two branches osculate because at these wavelengths relatively small differences in the bottom slope VOLUME 27 and orientation can cause the two branches to coincide in frequency and wavenumber normal to the gradients of the slope direction and magnitude. At the lowest frequencies and longest wavelengths, the osculation between the two branches of the dispersion relation occurs when the layer PV gradients are nearly parallel or antiparallel.
Rotating the layer PV gradients with respect to each other mimics the changes sustained by a ray as it propagates around the basin. When the two layers' PV gradients are neither parallel nor antiparallel, both branches of the dispersion relation are needed to describe either layer's mode throughout wavenumber space, as seen in Figs. 1 and 4. When the layers' PV gradients are rotated to become more antiparallel, more of the solution is described by just the positive branch of the dispersion relation, as seen in the upper panels of Fig. 4 . Eventually, when the PV gradients are antiparallel, the entire solution is described by only the positive branch. As the negative branch solutions are restricted to more limited regions of wavenumber space by progressively more nearly antiparallel PV gradients, the maximum frequency obtained by the negative branch decreases.
A locally valid quasigeostrophic description leads to a relatively simple dispersion relation that describes surface-trapped planetary Rossby waves and bottomtrapped topographic Rossby waves. At certain wavenumbers, these otherwise distinct motions merge, and the branches of the dispersion relation describing each type of motion switch. The locally valid quasigeostrophic analysis suggests the possibility of linear coupling both between surface-and bottom-intensified motions and between the two local eigenmodes, but for most orientations of the layer PV gradients and the wave vector an accurate description of the vertical modes is in terms of largely independent flow in the two layers.
Ray tracing of linear quasigeostrophic waves
Rays are a valuable tool for describing the response of an ocean basin to forcing. They indicate the pathways along which energy spreads. Also, rays indicate turning points or critical layers where energy might be focused. With the two-layer flows described here, the vertical structure of the rays is also known. Ray tracing gives a further indication of the vertical migration of energy.
The dispersion relation, (2.5), can be used for ray tracing in the two-layer basin. The ray is found by simultaneously solving the set of equations
where the material derivative is defined as the derivative following the ray (Lighthill 1978) . These equations are integrated numerically. An analytically described basin shape was used so the integrations could easily be performed with arbitrarily high precision. These equations exactly conserve frequency along a ray, and this property is used to validate the numerical integration. For the bowl-shaped basin in Fig. 5 [which is similar to that used by Hallberg and Rhines (1996) in a study of the spinup of the circulation in a basin with isopycnals intersecting the sloping topography], ray paths are calculated for a frequency of 5 ϫ 10 Ϫ8 s Ϫ1 (Fig. 6 ). The internal deformation radius at the center of the basin is 77.4 km. These rays have a period of 1450 days and are sufficiently grave to be representative of the waves that spin up the steady flow following a change in the forcing (even much higher frequency rays behave similarly). The rays in this figure initially have wavelengths longer than 100 km and are uniformly distributed in wavenumber among the wavenumbers with the prescribed frequency. This choice of the initial wavenumbers ensures that all of the rays will start with a westward or pseudowestward (for topographic waves) group velocity. The starting points for the rays were chosen to illustrate the behavior of the rays throughout the basin. The density of the marks along the rays is inversely proportional to the speed of the rays, while the choice of mark indicates whether the vertical structure at that point is surface intensified or bottom intensified or neither. The dashed line in Fig. 6 marks the edge of a ''forbidden region'' for the negative branch rays at this frequency. Outside of this curve, all of the H A L L B E R G Fig. 1 except that the region is limited to longer wavelengths and the angle between the two layer PV gradients is changed to 90Њ, 135Њ, 180Њ, and 225Њ. The same four frequencies are contoured in each panel. The positive branch of the dispersion relation is again contoured with solid lines, the negative branch with dotted lines. negative branch solutions have lower frequency than the rays. In the south of the basin, the upper-and lowerlayer PV gradients are in nearly opposite directions, and the negative branch attains only very low frequencies, as shown in Fig. 4 . The positive branch rays can enter the forbidden region.
FIG. 4. As in
Each of the panels of Fig. 6 shows the rays spreading in two distinct groups: One group, with its signal concentrated in the upper layer, radiates nearly westward from the forcing. The other group, with its signal concentrated in the lower layer, follows the topography around the basin. Except where the planetary and topographic vorticity gradients are nearly parallel or antiparallel, these low-frequency rays are much more intensified in one of the layers than would be predicted by Burger number 1 scaling. The restoring force that generates these waves is due to flow across topographic or planetary vorticity contours. The lowest frequency waves (for a given wavelength) have flow perpendicular to PV gradients and wavevectors along PV gradients. When the layer PV gradients are not parallel or antiparallel, the two layers require different orientations of the wavevector for the lowest frequency waves. Lowfrequency waves accommodate these incompatible constraints on the direction of the wavevector by becoming strongly concentrated in the layer with the weaker PV VOLUME 27
Basin depth (in m) used for the ray tracing. gradient perpendicular to the wavevector. The rays in the center of the groups are most nearly aligned with the upper-or lower-layer PV contours, have the longest wavelengths, and propagate much more rapidly than those on the edges of the group, as seen by the density of the marks in Fig. 6 . The lower-layer intensified rays (which follow bottom-trapped topographic Rossby waves) generally propagate more rapidly than the upperlayer intensified rays (which follow planetary Rossby waves).
Near the forbidden region in the south, all of the rays encounter turning points. The negative branch rays cannot enter the forbidden region, so the rays approaching from the west have turning points to the west of the edge of the forbidden region and similarly negative branch rays approaching from the east have turning points to the east of the edge of the forbidden region. The positive branch rays are unimpeded by the forbidden region and have turning points inside of or even beyond the forbidden region. Lower-layer intensified rays approach the turning point from the west following the lower-layer PV contours. The rays stop and then propagate back to the west with most of their velocity in the upper layer instead of the lower layer. With starting points in the southeast of the basin, upper-layer intensified rays approach the forbidden region from the east, reach turning points near the forbidden region, and then propagate eastward around the basin as lower-layer waves. The symmetry between the rays with turning points in the upper and lower panels is quite striking, with one ray changing from describing surface-intensified planetary Rossby waves to describing bottomtrapped topographic Rossby waves and the other ray undergoing the opposite change in almost exactly the same place. If these rays have the same meridional wavenumber (as is indeed the case), the rays might exchange energy at their mutual turning points, with negative branch solutions interacting strongly with positive branch solutions.
In the northern part of the basin the rays also change the layer in which their motion is concentrated. This change is not associated with a turning point, as it is in the south, because the pseudowestward direction of the lower-layer intensified rays is westward with parallel topographic and planetary vorticity gradients. There is a slight change of direction as the rays are transformed because the surface-intensified rays are less tightly confined to be pseudowestward than are lower-layer intensified rays of the same frequency and wavenumber. As with the southern turning points, negative branch rays change layers before the topographic and planetary vorticity gradients are exactly parallel, while positive branch rays are transformed later.
Rays with different frequencies behave similarly to those shown in Fig. 6 . Higher-frequency rays are less tightly confined to pseudowestward paths and have a larger forbidden region in the south. For frequencies low enough for planetary Rossby wave solutions to exist, the rays will all have turning points at the edges of the forbidden region in the southern part of the basin and there is localized coupling between layers in both the north and the south of the basin.
The rays shown in Fig. 6 indicate that linear coupling between the layers is localized in two regions: the northern and southern portions of the basin. This is where the topographic and planetary vorticity gradients are parallel or antiparallel. In both cases the predominant expression of a ray switches layers. This change is clearer in the south because upper-and lower-layer intensified rays propagate in opposite directions (westward and eastward, respectively). In the northern part of the basin the linear coupling is just as strongly localized, but does not appear as strikingly in the ray paths since both surface-and bottom-intensified long waves propagate westward.
The local modes in the two-layer case may not be typical in that their vertical structure is constrained by the layers. However, these two-layer solutions do illustrate the qualitative behavior of the continuously stratified case, which was described more fully by Rhines (1970) and Straub (1994) for special orientations between the bottom slope and the planetary vorticity gradient. In a continuously stratified rotating fluid, there is one mode that is bottom trapped and an infinite number of other modes in the vertical. These other modes are essentially baroclinic Rossby waves that have a horizontal-velocity node at the bottom, unless the flow is almost exactly aligned with isobaths. An important consequence of varying basin depth is that the various (locally orthogonal) modes are not globally independent, and they can exchange energy linearly.
The positive branch solution from (2.5) corresponds to the combined cosh and gravest cosine vertical structure mode found by Straub (1994) 20ЊE; 23.5ЊN, 20ЊE; and 27ЊN, 20ЊE . The line type indicates the vertical structure of the waves: A solid line is used where the rays are more than three times as surface intensified as Burger number 1 scaling would indicate; a dashed-dotted line is used where the rays are more than three times more strongly bottom-intensified than Burger number 1 scaling; and a dotted line is used otherwise. The rays go for 1500 days (or until they reach a point where the lower layer vanishes), and the position every 100 days is marked. A cross is used for the positive branch rays, while a circle is used as the mark for the negative branch rays. The dashed line around the perimeter marks the region where the maximum frequency of the negative branch is less than the frequency of the rays. The negative branch rays cannot go outside of this line.
to the first cosine structure mode with a node in the interior of the fluid. The turning points and exchange of roles between the positive and negative branch rays seen in Fig. 6 are very likely to occur in a similar way between the corresponding modes in a continuously stratified fluid. Further, the location of the coupling between surface-and bottom-intensified flow should be the same: in regions of parallel or antiparallel topographic and planetary vorticity gradients. The forbidden region in the south of the basin here will also occur in a continuously stratified case; in the continuously stratified case the vertical structure of a mode can change abruptly as a result of changing position and wavenumber, and more vertical structure reduces the maximum frequency obtained by a mode (Straub 1994) .
The strength of coupling
There are numerous examples of physical systems with several modes of oscillation in which the energy VOLUME 27
Qualitative diagram of the coupling between layers and between rays for a lower-layer intensified plume with limited cross-slope extent propagating toward the southern end of a basin. The incident and reflected plumes are described by the same rays and are shown in cross sections of the flow normal to the direction of propagation taken to the west of the transition. The transmitted plume is described by a different set of rays and is shown in a cross section taken to the east of the transition. The vertical scale of the interface displacement is greatly exaggerated. The circles around crosses indicate westward flow, circles with dots indicate eastward flow. The size of the circles indicates the flow strength. North is up and to the right in each of the cross sections.
remains in one mode as the system is slowly changed and the physical expressions of the modes are interchanged. For example, Allen and Romea (1980) describe the propagation of coastal-trapped waves along the eastern boundary of an ocean. All along the coast there is a single internal Kelvin wave at a given frequency and a number of coastal-trapped waves. The mode that describes the Kelvin wave in equatorial regions describes the gravest coastal-trapped wave in midlatitudes, and Allen and Romea (1980) show that all of the energy that was in the internal Kelvin wave in equatorial regions is found in the midlatitude graves coastal-trapped wave in the limit of slow variations over the course of a wavelength. The present case does not follow this pattern of energy remaining predominantly in a single mode.
The quasigeostrophic theories neglect divergent flow relative to nondivergent flow. But in a layer with a mean PV gradient there is a net transport associated with the rotational flow. For example, Hallberg and Rhines (1996) successfully use such an argument to predict the strength of the nondivergent circulation that results from buoyancy forcing in a primitive equation numerical model. While the energy convergence in a ray within one layer can easily be balanced by time changes, dissipation, and energy flux between layers, mass flux convergence must be balanced within a layer. Even over just a fraction of a wave period, changes in layer depth cannot easily balance convergence near the edge of the domain because of the strong tendency for boundary waves to level density surfaces at the boundary (Wajsowicz and Gill 1986). If a lower-layer intensified ray propagates into a region and propagates out as an upperlayer intensified ray, the mass transport of the ray in each layer must be compensated by coupling with another ray. Arguments based on this mass transport balance can be used to provide quantitative estimates of the strength of coupling between rays and between layers.
The ray tracing of the previous section provides important clues of how the mass transports are balanced. The across-slope wavenumber was approximately conserved throughout a ray's transition from lower-layer intensified to upper-layer intensified (or vice versa). Also, for each of the negative branch rays approaching the forbidden region in Fig. 6 from one side, there is a positive branch ray of comparable cross-slope wavelength approaching from the other side, and vice versa. This suggests that a balance might be found between an incident wave in one layer, a reflected wave (on the equatorward side of the basin, or a refracted wave on the poleward side) from the same ray in the other layer, and a transmitted ray from the other branch of the dispersion relation in the first layer.
Any linear flow may be described as the superposition of waves; the spreading of a forced flow away from the forcing follows the linear waves. The vertical structure of the flow is determined by the free waves that constitute the flow, and coupling between layers is caused by migration of the energy of the free waves from one layer to the other. The envisioned mass transport balance for a plume propagating across a slope is qualitatively illustrated in Fig. 7 . The arguments that follow describe coupling between waves, but apply equally to any linear, locally unforced motion.
The net transport in each layer is proportional to the strength of the rotational flow in each layer times the ratio of the PV difference between opposed jets to the mean PV between the jets (Hallberg and Rhines 1996) . The three waves have the same cross-slope structure, so this constant of proportionality in each layer is the same for all three waves and drops out of the problem. Suppose that the lower layer cross-slope velocity structure is the same in each layer, save for a scaling factor ⌿ I , ⌿ R , or ⌿ T for the incident wave, reflected wave (described by the same rays as the incident wave), and transmitted wave (with all of the rays in the incident wave replaced by rays from the opposite branch of the H A L L B E R G dispersion relation). The upper-layer cross-slope velocity structure of the three waves will also be similar, but with different scaling factors. If the incident wave is concentrated in layer 2, with an expression in layer 1 that is weaker by a ratio r I , while the reflected wave is expressed more strongly in layer 1 by a ratio 1/r R , and the transmitted wave is expressed more strongly in layer 2 by a factor of Ϫr T , the mass transport balances within the two layers at a turning point are r ϩ /r ϭ Ϫr The ratios r are typically of comparable magnitude and much less than 1 for low-frequency bottom-intensified waves or much greater than 1 for low-frequency surface-intensified waves. With this assumption, the transmitted wave has velocities of comparable magnitude to those of the incident wave, while the reflected wave's velocities are smaller by a factor of r. For the rays depicted in Fig. 6 , which have values of r of order 0.05, the ratios of the reflected to incident streamfunctions (in the layers in which the rays are intensified) and transmitted to incident streamfunctions for the transition in the south are about 0.1 and 0.995.
The relative sense of the incident waves determines the sense of both the circulations they excite. The incident and transmitted waves have the same sense of circulation in the layer in which they are concentrated, but the opposite sense in the other layer. The incident and reflected (or refracted) waves (which are on the same ray, and are described by the same branch of the dispersion relation) have circulation in the opposite sense in both layers near a turning point (where the topographic and planetary vorticity gradients are antiparallel), but in the same sense when the topographic and planetary vorticity gradients are parallel.
The extent of coupling between layers is strongly dependent on the frequency and scale of the motion. As seen in Fig. 2 , higher-frequency rays tend to be less strongly localized in one layer and will exhibit stronger coupling between layers than will lower-frequency waves. The region of coupling is also less localized for higher-frequency waves. For there to be any coupling at all, though, the frequency must be less than the maximum frequency for internal planetary Rossby waves. Above this frequency there are no surface-intensified waves. Longer waves are also less strongly localized in one layer than are shorter waves and will exhibit stronger coupling between layers. Intimately tied to the coupling between layers is coupling between the vertical eigenmodes; coupling between the modes is responsible for flow that remains surface or bottom intensified while the linear waves change the layer in which they are expressed.
Localized layer coupling in primitive equation simulations
The possibility of localized coupling between bottomtrapped motion and surface-intensified motion in a basin with large amplitude topography, as is suggested by the ray tracing, can be examined with primitive equation model simulations. The ray tracing is based on the validity of the local quasigeostrophic representation of the flow, but the WKBJ approximations are clearly not justifiable in this case. The predictions of ray tracing arguments are often borne out, even though the WKBJ approximation leading to the ray tracing is not valid. By contrast, all of the assumptions leading to the primitive equations are clearly valid for the large-scale motions of interest.
One difficulty with using primitive equation simulations to explore the possibility of localized coupling is that the wide range of motions are difficult to distinguish and the cause of those motions is difficult to determine. In this section, several simulations that attempt to clearly separate different sources of motion are presented. These simulations are initially at rest, and the response to the impulsively applied forcing is transmitted around the domain by the linear topographic and planetary Rossby waves discussed before. The coupling between layers indicated by the ray tracing is evident in the evolution of these spinup simulations.
First, two-layer simulations are used for simplicity and for direct comparison with the quasigeostrophic results from section 3. Next a four-layer simulation is presented to demonstrate that the two-layer results are qualitatively pertinent to an ocean with more general stratification. The primitive equation model used is described in the appendix of Hallberg and Rhines (1996) and in more detail in Hallberg (1995) . The ray tracing suggested that coupling between layers occurs in lo- 
a. Two-layer simulations
The possibility that flow in one layer forces distinct motions in the other layer is examined with a pair of bowl-shaped basins set into a zonally reentrant channel.
The topography, shown in Fig. 8 , is flat at the depth of the interface between the layers, 750 m deep, while the lower layer is entirely contained within the bowl-shaped basins. The reduced gravity of the interface between the layers is the same as in the ray tracing calculations. The upper-layer PV contours are zonal, and the motions in the upper layer are largely confined to the latitudes at which they are generated. The simulations are forced by a uniform intensity transfer of mass from the upper layer to the lower within one of the regions marked by dashed-dotted contours in Fig. 8 . The forcing is sufficiently weak that the flow is well described by linear dynamics. The lower-layer signals propagate around the basin following the lower-layer PV contours, shown in the lower panel of Fig. 8 , while upper-layer intensified signals propagate along the zonal upper-layer PV contours. The topography in these large basins is much steeper in the north than the south so that the lowerlayer PV gradients in the north and south are of comparable magnitude.
The propagation of waves around these basins is illustrated in Fig. 9 . The vertical structure is indicated by the vertical position of the rays. The transitions of a ray between describing upper-and lower-layer intensified flow are clearly visible in the northern and southern ends of the basins (where the topographic and planetary vorticity gradients are aligned). Elsewhere in the basins, the rays are extremely surface or bottom intensified. Where the rays cross (in the north) or osculate (in the south) there is strong coupling between rays, as discussed in section 4. All of the rays in Fig. 9 are from the positive branch of the dispersion relation, and between the two basins these rays describe barotropic waves (there is only one layer outside of the basins). In the primitive equation experiments, the forcing excites the rays where they pass through the northern or southern end of the eastern basin.
These experiments are designed to clearly demonstrate the coupling between layers. The basin itself is large enough to physically separate the upper-and lower-layer signals. The distinct meridional separation between the directly forced beta-plume in the upper layer (the response to the forcing in a reduced gravity model of the upper layer alone) and the hypothesized coupling driven flow makes the forcing of upper-layer flows by the lower layer particularly clear. Without coupling between the layers, lower-layer flow would be confined to the easternmost of the two basins, while the upper-layer flow easily propagates westward over the western basin. Any lower-layer flow in the unforced basin must be the result of upper-layer motions exciting lower-layer flows.
When the forcing is in the north, the directly forced upper-layer beta-plume is confined north of about 45ЊN, as seen in Fig. 10 . There is also a weak upper-layer flow above and parallel to the directly forced lower-layer topographic beta-plume. The vertical scale of the bottom-trapped flow is much smaller than Burger number 1 scaling (which suggests that H ϭ fL/N) would predict, in agreement with the findings from the ray tracing in section 3, and with the findings of Straub (1994) based on his study of linear quasigeostrophic motion on a linearly stratified ␤ plane with topography. This motion is not indicative of coupling between the motions concentrated in the two layers; it is part of the same locally defined vertical mode as the lower-layer flow. It spins up following the lower-layer PV contours. Both the directly forced upper-layer beta-plume and the upper-layer expression of the lower-layer intensified flow are analogous to flows that develop with purely meridional bottom slopes and no coupling between modes.
In the southern part of the basin, there is a distinct type of motion in the upper layer, as seen in Fig. 10 . This circulation is upper-layer intensified and propagates westward following the upper-layer PV contours, but this flow does not originate in a region of external forcing. Neither is it the upper-layer expression of lower-layer intensified flow since the upper-layer flow extends westward past the edge of the lower layer. This upper-layer circulation is forced by coupling between the layers. The ray tracing in section 3 suggested that the coupling between the layers should be localized in the south of the basin, where the topographic PV gra- dient is antiparallel to the planetary vorticity gradient, and in the northern part of the basin, where the topographic PV gradient is parallel to the planetary vorticity gradient. No upper-layer flow radiates westward from the eastern basin except the directly forced beta-plume in the north and the weaker flow in the south, suggesting that the coupling between layers does not take place along the eastern or western sides of the basin. With forcing in the south, coupling in the northern part of the channel is clearly visible. The upper-layer velocity, Fig. 11 , shows an upper-layer flow extending westward from the northern end of the basin. With a VOLUME 27
more equatorial forcing in this case, the larger Rossby radius leads to much more dispersion of the directly forced beta-plume, and the flow forced by coupling between the layers is more difficult to discern. Still, the apparent upper-layer response is in the location indicated by the ray tracing. In neither the simulation forced in the north nor the simulation forced in the south is there any indication of linear coupling from the lower layer to the upper except where the upper-and lowerlayer PV gradients are nearly parallel (in the north) or antiparallel (in the south).
The three forcing locations are used to test coupling from the upper layer to the lower. These forcing locations generate upper-layer beta-plumes that cross the unforced western basin either in the north, in the south, or through the middle of the basin. The ray tracing suggested the possibility of strong linear coupling in the south and north, but weak (or no) linear coupling along the eastern and western walls. If this description is correct, the cases forced in the north and south, shown in Figs That there is any motion in the lower layer of the unforced basin is an obvious indication of the linear coupling between upper-and lower-layer intensified motions with large amplitude topography. In the cases where the forcing comes from an upper-layer plume crossing either the northern or southern portions of the basin, it is not surprising that the response is strongly concentrated near the margins of the basin. The lowerlayer intensified flow is concentrated on the couplingforced PV contours, and these contours are primarily dictated by the topography. The support for the idea that the coupling between the layers is localized in regions of parallel or antiparallel layer PV contours comes from the case where the upper-layer flow crosses the middle of the basin. The region of parallel or antiparallel layer PV contours extends meridionally through the middle of the basins. All of the lower-layer PV contours in the unforced basin are crossed by the upper-layer flow, but only the PV contours in the middle of the basin exhibit a strong response. The upper-layer flow is broad enough that it extends into the regions of parallel and antiparallel PV contours near the middle of the basin, and these are the PV contours which develop a circulation.
The arguments of section 4 predict the sense of the circulations driven by the coupling between the layers. All of the mechanisms presented here are linear, and reversing the sense of the forcing reverses the sense of the flow everywhere.
The two-layer primitive equation model experiments described here clearly demonstrate that the upper-and lower-layer intensified motions are linearly coupled. They further indicate that this coupling is localized near regions of parallel or antiparallel planetary and topographic PV gradients, in concurrence with findings from the quasigeostrophic ray tracing described in section 3. Based on the strength of the flows driven by coupling between layers in the primitive equation simulations, the coupling causes on the order of 1% of the energy to change layers in the regions of parallel or antiparallel planetary and topographic PV gradients. This strength of coupling agrees well with the arguments of section 4.
b. A four-layer simulation
Coupling between surface-intensified flow and bottom-intensified flow should occur in the case of a continuously stratified ocean as well. In a continuously stratified ocean with nonmeridional topography, the same local mode describes bottom-trapped motion and surface-trapped motion with no horizontal velocity nodes (Straub 1994) . The next mode has a cosine structure with one horizontal velocity node, but the structure changes from having that node on the bottom to having the node in the interior and almost a second node at the bottom; that is, the phase difference between the top and bottom changes by almost for different orientations of the wavevector. The next mode still has two nodes but almost attains a third for some wavevector orientations (Straub 1994) . Each of the cosine modes osculates to the next higher cosine mode for wavevectors nearly aligned with the topography, where the wavenumber, frequency, and vertical structure of subsequent modes is nearly identical. It is reasonable, then, to expect that each of the vertical local modes in the uniformly stratified ocean will be coupled with the next mode. It is also reasonable to expect that the strongest coupling between the uniformly stratified modes might be localized in the same regions as the coupling between the two-layer modes-namely, in regions of parallel or antiparallel topographic and planetary vorticity gradients.
The prediction that the various vertical modes in a continuously stratified ocean are coupled in regions of parallel or antiparallel topographic and planetary vorticity gradients can also be tested with primitive equation simulations. With four layers, there are three modes with a horizontal velocity node at the bottom in addition to the bottom-intensified topographic mode for most orientations of the wavevector. In this simulation the reduced gravity of each internal interface is half the value used in the preceding two-layer simulations. The bottom topography, shown in Fig. 13 , is flat at the level of the interface between the second and third layers except in a bowl-shaped basin, and the domain is zonally reentrant. The thickness of each layer is initially a quarter the maximum basin depth. Over the flat bottom the only vertical modes are the classic barotropic and first baroclinic modes. The buoyancy forcing, over the flat bottom just to the east of the basin, projects almost entirely onto the first baroclinic mode. It takes about 700 days for the baroclinic beta-plume generated by the forcing to reach the eastern edge of basin. By this time, the weaker direct barotropic response from the forcing has spread throughout the domain. Along the northern portion of the basin, the baroclinic beta-plume is coupled with the VOLUME 27 bottom-intensified flow and with the graver surface-intensified mode. The coupling between surface-intensified modes is evident in the first panel of Fig. 14 in the strong circulation extending westward from the northeastern portion of the basin, rather than from the forcing region. The lower layers are driven by coupling with the surface circulations in the north of the basin and propagate quickly around the basin. The velocities in the lower layers are roughly a tenth as large as the baroclinic velocities are in the baroclinic circulation to the east of the basin; the barotropic velocities to the west of the basin are similarly of order a tenth as strong as the directly forced baroclinic flow. In the south of the basin, the bottom-trapped flow drives surface-intensified flow. Figure 14 shows both barotropic and baroclinic signals radiating westward from the southern end of the basin. Again, the surface intensified flow in the south has velocities about a tenth as large as the lowerlayer velocities that drive them. This primitive equation simulation strongly suggests that the surface-and bottom-intensified flow are linearly coupled in regions of parallel or antiparallel topographic and planetary vorticity gradients with a continuous stratification, as well as in the case of homogenous layers with abrupt density gradients.
Conclusions
Linear waves are relevant to the dynamics of the flow in an ocean basin because they determine how the ocean circulation responds to changes in forcing. Large amplitude topography greatly complicates linear Rossby waves by creating mixed topographic-planetary waves. The circulation in a basin with large amplitude topography can be decomposed locally into vertical modes, but these modes are linearly coupled if the orientation of the bottom slope varies. These modes do not correspond to the classic barotropic and baroclinic modes when there is a sloping bottom, and their vertical structure depends strongly on the orientation of the wavevector when the bottom slope is not purely meridional. A local quasigeostrophic representation of the flow in two layers with bottom topography and planetary vorticity gradients is used to examine the interaction between layers in planetary-scale flows. The resulting dispersion relation is the solution to a quadratic equation and consists of two branches. The local dispersion relation shows that when the planetary and topographic vorticity gradients are not exactly parallel, upper-and lower-layer intensified waves are both described by both branches of the dispersion relation. Put differently, the gravest surface intensified planetary Rossby wave and the topographic Rossby wave are actually a part of the same mode, while the next gravest vertical mode can predominantly describe either surface or bottom flow. The low-frequency waves tend to be much more vertically concentrated than would be indicated by Burger number 1 scaling. The exception to this enhanced vertical intensification is for wavevectors where the topographic and planetary PV gradients have comparable projections normal to the wavevector. At these wavenumbers the two wave modes osculate with one another. For parallel layer PV gradients, the two branches describe the classic barotropic baroclinic modes. When the layer PV gradients are antiparallel, the entire dispersion relation is described by just one branch of the dispersion relation.
The locally valid dispersion relation for two layers in a basin with topography is used to trace groups of rays with a specified frequency starting from the same point. These low-frequency rays spread from the source in two distinct groups; one group is strongly upper-layer intensified and heads generally westward, nearly tangent to the upper-layer PV contours, while the other group H A L L B E R G circles the basin along the lower-layer PV contours. Both groups of rays comprise rays from both of the branches of the dispersion relation. As a ray propagates, it encounters changing layer thicknesses and bottom slopes, and its projection onto the two layers changes. Eventually the rays reach a point in the basin where the two branches of the dispersion relations osculate to each other. At this point the modes are linearly coupled, and energy is freely exchanged. A single ray can change from being primarily expressed in one layer and following that layer's PV contours to being primarily expressed in the other layer and following its PV contours. This change can happen quite suddenly at turning points where the topographic and planetary vorticity gradients are in opposite directions, or more gradually where the two gradients are aligned, and provides a linear mechanism for coupling between the two layers' flows. The ray tracing suggests that the most intense coupling of low-frequency surface-and bottom-trapped waves is localized in regions of nearly parallel or antiparallel planetary and topographic vorticity gradients. This localization is especially acute for very low frequencies.
The coupling between surface-and bottom-intensified flow is due to the changing vertical structure of the wave modes as they propagate around an ocean basin. Where the coupling occurs, the wave modes resemble the classic barotropic and baroclinic modes, which have significant expression throughout the water column. Elsewhere, the wave modes are surface or bottom intensified.
The linear coupling between surface-and bottomintensified flows only occurs when large amplitude topography, the planetary vorticity gradient, and stratification are all taken into account. Without bottom topography the vertical and horizontal structure of the planetary waves are separable, and the textbook case of linearly independent barotropic and baroclinic vertical modes is found. In the absence of planetary vorticity gradients, the only solution with nonzero frequency is bottom-intensified (or barotropic) topographic Rossby waves. Of course, if density stratification is neglected, there is only a single vertical mode, which has a dispersion relation set by a simple combination of the topographic and planetary vorticity gradients. The coupling between surface-and bottom-intensified flow, described in the present study, arises from the complex interplay of large amplitude topography, stratification, and the planetary vorticity gradient in determining the dynamics of the free waves.
Experiments with a numerical primitive equation model confirm the hypothesized spatially localized coupling between surface-and bottom-intensified flow in regions of parallel and antiparallel planetary and topographic vorticity gradients. These experiments demonstrate that energy can pass either upward or downward in such places. By definition rays cannot split, but there is no such constraint on the energy. There is a net mass transport associated with a ray within each layer, but persistent horizontal convergence is not sustainable. Topographic or planetary Rossby waves radiate away any pressure gradient along a PV contour; the net mass transport convergence in each layer where one ray changes layers is balanced by a net mass transport divergence in the same layer due to another ray with the same frequency. These continuity arguments suggest that the surface intensified flow that will be excited by a bottomintensified flow is approximately twice as strong as the surface projection of the bottom-intensified flow, and similarly for the excitation of bottom-intensified flow. Since the very low frequency waves are extremely surface or bottom intensified, the strength of the coupling between layers decreases with decreasing frequency. The localized coupling suggested by the ray tracing, and the magnitude of the coupling based on these continuity arguments, are strongly supported by the primitive equation experiments.
One qualitative explanation for the localization of the coupling is that when the vorticity gradients of the two layers are in very different directions, there is a very weak expression of lower-layer intensified low-frequency flow in the upper layer, and vice versa. The lowfrequency flow is very much more intensified near or away from the bottom boundary than would be predicted by the Burger number 1 scaling that is found for f-plane topographic waves (Rhines 1970) . The restoring force for the bottom-trapped topographic Rossby waves is the topographic vorticity gradient due to the bottom boundary. In fact, on an f plane this is the only restoring force that leads to subinertial waves. [Kelvin waves are excluded by the bottom topography and even relatively weak (or realistic) stratification; they are replaced by the bottom-trapped topographic Rossby waves (Rhines 1970) .] When variations of the Coriolis parameter are included, the planetary vorticity gradients act on the interior fluid as well. The bottom topography is typically such a strong restoring force that flow right at the bottom must be aligned with the isobaths, but when isobaths are not zonal any interior flow along isobaths is subject to a significant restoring force due to the planetary vorticity gradient. Conversely, low-frequency surfacetrapped flow must be nearly zonal, but any flow across the bottom topography will be subject to a strong restoring force. The two incompatible constraints are accommodated by the free low-frequency waves becoming extremely bottom-intensified or having exceedingly small bottom velocities. The surface-and bottomintensified flows are effectively detuned (Rhines 1977) . When the isobaths are nearly zonal, the two constraints on the direction of low-frequency flow are consistent and the flow is much less bottom or surface intensified. Where the vertical distribution of energy of the surface-and bottom-intensified modes with the same frequency and nearly the same wavenumber coincide in space, there is a possibility of coupling between the modes.
The linear coupling between surface-and bottom- graphic Rossby waves off the east coast of North America (Pickart 1995) .
The most important consequence of the coupling, described here, between surface-and bottom-intensified flow lies in the possibility for variability in the (surface intensified) wind-driven circulation to excite abyssal flow. Extremely strong surface currents flow past topography with an appropriate orientation in such places as the Grand Banks and Cape Agulhas. It is entirely possible that abyssal circulation excited in these places might be quite important along the western margins of the North Atlantic and southern Indian Oceans. It must be emphasized that the coupling mechanism described here only operates at frequencies less than the maximum internal Rossby wave frequency. At high latitudes the small Rossby radius and planetary vorticity gradient re-
